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ABSTRACT Gravitropism allows plant organs to direct
their growth at a specific angle from the gravity vector,
promoting upward growth for shoots and downward growth
for roots. Little is known about the mechanisms underlying
gravitropic signal transduction. We found that mutations in
the ARG1 locus of Arabidopsis thaliana alter root and hypocotyl
gravitropism without affecting phototropism, root growth
responses to phytohormones or inhibitors of auxin transport,
or starch accumulation. The positional cloning of ARG1
revealed a DnaJ-like protein containing a coiled-coil region
homologous to coiled coils found in cytoskeleton-interacting
proteins. These data suggest that ARG1 participates in a
gravity-signaling process involving the cytoskeleton. A com-
bination of Northern blot studies and analysis of ARG1-GUS
fusion-reporter expression in transgenic plants demonstrated
that ARG1 is expressed in all organs. Ubiquitous ARG1
expression in Arabidopsis and the identification of an ortholog
in Caenorhabditis elegans suggest that ARG1 is involved in
other essential processes.

Plants use the gravity vector as a directional guide to growth,
thereby positioning roots and shoots below and above ground.
The complexity of this process is evident when one recognizes
that primary and lateral organs must have distinct responses to
gravity to become spatially separated. Furthermore, roots and
shoots grow in opposite directions within the gravity field in an
environmentally regulated manner (1).

Gravitropism was first identified nearly 200 years ago by
Knight (2) and was later characterized by Darwin (3). To date,
few details of the underlying mechanisms have been resolved.
Higher plants have been shown to perceive gravity primarily by
the sedimentation of starch-containing amyloplasts, which are
located in the columella cells of root tips as well as in the starch
sheath cells of shoots (4–6). An unknown process converts the
physical movement of amyloplasts into a physiological signal.
It has been hypothesized that the second messenger Ca21 as
well as the cytoskeleton are involved in gravitropic signal
transduction (7–9).

After stimulation, a concentration gradient of auxin and
apoplastic Ca21 is believed to develop across the root tip and
to be transmitted to the distal and main elongation zones,
where it would promote differential cellular elongation on
opposite flanks, resulting in organ bending (10–12). The AUX1
and AGR1 genes appear to encode components of the auxin
influx and efflux carriers involved in the signal-transmission
phase of gravitropism (13–15).

To gain insight into the poorly understood transduction
phase of gravitropism, we identified and characterized two
mutant alleles at a new locus in Arabidopsis thaliana named
ARG1 (Altered Response to Gravity). We show that arg1
mutants are specifically altered in root and hypocotyl grav-

itropism and lack the hormonal-response phenotypes found in
mutants affected in polar auxin transport and organ bending.
We also demonstrate that ARG1 encodes a DnaJ-like protein
whose structure suggests an interaction with the cytoskeleton.

MATERIALS AND METHODS
Plant Stocks and Manipulation. Wild-type A. thaliana seeds

of the ecotype Wassilewskija (WS) were provided by Timothy
Caspar (DuPont). Wild-type Landsberg erecta (Ler), Columbia
(Col), and No-O seeds, as well as seeds from the Feldmann
collection of T-DNA insertional mutants (16), were provided
by the Arabidopsis Biological Resource Center (ABRC; Ohio
State University, Columbus, Ohio). arg1–1 and arg1–2 were
isolated from the DuPont and Feldmann collections of T-DNA
insertional mutants, respectively, by using the reorientation
and root-waving assays described in refs. 17 and 18.

All techniques and incubation conditions aimed at growing
and manipulating A. thaliana seeds, seedlings, and plants were
described in ref. 19.

Quantification of Root and Hypocotyl Gravitropism. Seed-
lings were grown embedded in vertically oriented 0.8% agar-
containing germination media [GM, half-strength Murashige–
Skoog (MS) salts and 1.5% sucrose (20)] in square Petri dishes
wrapped in aluminum foil (to confer darkness) and incubated
within a Conviron (Asheville, NC) TC16 growth chamber
(22°C, 75% relative humidity). Plates were unwrapped and
pictures were taken and digitized. Digitized images were used
to determine the angle from vertical of a surface tangential to
the hypocotyl tip below the apical hook, as described (19).
Hypocotyl response to gravistimulation was analyzed essen-
tially as described above, except that plates were rotated 90°
after 4 days of growth and incubated for 3 more days before
being analyzed. Root gravitropism was analyzed as described
(19).

Analysis of Hypocotyl Phototropism. The kinetics of hypo-
cotyl phototropism were determined by growing wild-type and
mutant seedlings on vertically oriented 0.8% agar-containing
GM plates wrapped in black paper and aluminium foil. After
4 days of growth (time 0), the plates were unwrapped, photo-
graphed, and rewrapped on all sides but one. The unwrapped
side was exposed to a horizontal light source ('1 mEzm22zsec21

from cool-white fluorescent tubes). At the specified times, the
plates were unwrapped, photographed, and rewrapped to
continue the experiment. The angles between planes tangen-
tial to the hypocotyl tips and vertical planes were measured and
analyzed as described above.
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Analysis of Starch Accumulation in Wild-Type and Mutant
Columella and Hypocotyl Endodermis Cells. Wild-type,
arg1–1, and arg1–2 seedlings were grown for 7 days on the
surface of a vertical 0.8% agar-containing GM medium in the
light (19). They were then stained for 15 minutes with the
iodine/potassium iodide (IKI) solution described in ref. 21 and
analyzed under a Nikon Optiphot-2 microscope equipped with
Nomarski optics (22). pgm mutant seedlings were used as
negative-staining controls in these experiments (23).

Analysis of Root Growth in the Presence or Absence of
Phytohormones or Auxin-Transport Inhibitors. Wild-type and
mutant seedlings were grown on vertically oriented 0.8%
agar-containing GM plates in the Conviron for 4 days before
being transferred onto vertically oriented 0.8% agar-
containing GM plates supplemented with the phytohormones
or auxin-transport inhibitors cited in the text at the indicated
concentrations. Phytohormones and auxin-transport inhibitors
were purchased from Sigma, prepared as 10 mM stock solu-
tions in diluted NaOHyEtOH or water (15), and added to the
pH-buffered medium at the concentrations defined in the text.
Plates were incubated vertically under constant light ('75
mEzm22zsec21; E, Einstein 5 1 mol of photons) at 22°C for 5
days, with pictures taken every 12 hours. Root lengths were
measured on digitized images and statistically analyzed (19).

Extraction and Analysis of Nucleic Acids from Plant Tis-
sues. Procedures used to extract, digest, and Southern hybrid-
ize DNA from plants were as described (24). Restriction-
fragment sizes were estimated by comparing their electro-
phoretic migration with that of molecular weight markers
(1-kb DNA molecular weight standards, GIBCO/BRL). All
DNA cloning procedures also were described (25, 26).

RNA was extracted from plant tissues and analyzed as
described (24). Transcript sizes also were estimated by com-
paring their electrophoretic migration with that of RNA
molecular weight markers (0.24–9.5-kb RNA ladder, GIBCO/
BRL).

Probes used in both Southern and Northern blot analyses
were 32P-labeled by random priming (26).

ARG1 Mapping by Bulked Segregant Analysis. Two map-
ping populations were generated by crossing arg1–2 plants (WS
ecotype) with either Col or Ler plants. The corresponding F1
plants were self-fertilized. Segregating F2 progeny were ob-
tained and also self-fertilized to generate F3 families. Seedlings
(37 days old) from each of 29 homozygous wild-type and 40
homozygous arg1–2 mutant F3 families were grouped into two
pools. DNA was extracted from each pool and PCR-amplified
with cleaved amplified polymorphic sequence (CAPS) PCR-
primer pairs identifying polymorphic loci scattered throughout
the entire genome (27). PCR-amplified DNA was restriction-
digested and gel-electrophoresed (25–27). Data interpretation
was as described (28).

Generation of a Collection of Plants Carrying Recombined
Polymorphic Chromosome 1S with Recombination Break-
points in Proximity of ARG1. Ecotype polymorphisms
(pCITd117, cDNA5, and ETR1) were found to be linked to
ARG1 by performing an restriction fragment length polymor-
phism (RFLP) analysis of genomic DNAs extracted from the
segregating F3 families described above (29, 30). For pCITd117
and cDNA5, a DNA fragment which, when used as a probe,
identified restriction fragment length polymorphisms between
WS and Col ecotypes, was sequenced from the ends (31). PCR
primers flanking the polymorphism were then made from the
following sequences: for pCITd117, 59-TTA GTT GTC ACC
CAT ATC TCC ATC-39 and 59-ATC ACC CAA GGC CAA
GAA C-39; for cDNA5: 59-GGG CCG AGC AAC CAA TAA
TAG G-39 and 59-TTC CCC GTT TCG ATC TCC TCT
TTA-39). The primers were used to amplify genomic DNA
from the two ecotypes. The resultant PCR products were
restriction enzyme-digested (XbaI for pCITd117, DdeI for
cDNA5) and run on an agarose gel to confirm the presence of

the polymorphism. The ETR1 fragment length polymorphism,
located 1.4 kb upstream from the ETR1 translational start site,
was identified by sequencing the cloned ETR1 upstream
sequences from the WS and Col ecotypes (31). PCR primers
were designed flanking that polymorphism (59-GTA TCT
GCC CCC ACT CTT-39 and 59-AGC CTA TCT CGA ACT
GAA TC-39). Template DNA for PCR analysis was isolated
from cotyledon tissue by using the method described in ref. 32.

Chromosome Walking. A contig of bacterial artificial chro-
mosome (BAC) genomic DNA clones derived from the Texas
A & M University BAC library (obtained from the ABRC,
Ohio State University) and overlapping the ARG1 locus was
constructed by using standard procedures (33–35). DNA frag-
ments were subcloned and analyzed as described (25, 26, 28).
The DNA clones were purified from bacteria by using the
QIAprep spin miniprep kit (Qiagen, Chatsworth, CA).

Complementation of arg1–2 by a Cloned Wild-Type
Genomic DNA Fragment. BAC DNA fragments were sub-
cloned into the Agrobacterium pBIN19 binary vector and
transformed into Agrobacterium strain GV3101. arg1–2 plants
were transformed with these clones by using vacuum infiltra-
tion, and the primary transformants were identified by kana-
mycin selection (36). T2 seeds were harvested from the
primary transformants and plated on 1.5% agar-containing
germination medium to test for wavy root growth (19).

Cloning and Sequencing of Genomic Fragments and cDNAs
from ARG1, arg1–1, and arg1–2. Random-primed 32P-labeled
genomic fragment A (Fig. 2C) was used as a probe to screen
a cDNA library in a l vector (37) by using standard procedures
(26). Both ARG1 genomic and cDNA clones were sequenced
by the Blattner laboratory (University of Wisconsin-Madison)
using shotgun cloning and ABI sequenator-based sequencing
strategies (31). Sequence assembly and initial analysis were
performed by using the LASERGENE program (DNAstar, Mad-
ison, WI). Database searches for homologous sequences were
carried out by using the Washington University-Basic Local
Alignment Search Tool (WU-BLAST) and the National Center
for Biotechnology Information (NCBI) BLAST programs (38,
39). Predictions of potential transmembrane domains in the
protein were made by using the TMPRED, TOPPRED2, and DAS
programs (40–42). Coiled-coil domains were predicted by
using the COILS and PAIRCOILS programs (43, 44).

arg1–1 and arg1–2 genomic sequences were PCR-amplified
by using an ARG1-specific primer pair (59-CAT ATA AAC
AAG ACC TTC TCA AGC CAA AAG TCG TA-39 and
59-CGC CGA AAT AAA ATA AAT CTG GAT TGA AGC
AAG TC-39) following conventional procedures (26). They
were sequenced as described above.

Generation and Analysis of Transgenic Plants Carrying a
GUS-ARG1 Expression-Reporter Construct. A fragment of
DNA carrying the b-Glucuronidase gene (GUS) ORF fol-
lowed by a Nos terminator sequence (GUS-Nos fragment,
derived from the pBI101.3 vector; CLONTECH) was fused
in-frame within the StuI site of the fourth exon of ARG1, within
the 9.6-kb fragment A (Fig. 2C) in the pBIN19 vector. Frag-
ment A contains 3.6 kb of genomic DNA sequences upstream
from the ARG1 translation start site as well as 3.0-kb down-
stream from the ARG1 translation terminator. This construct
was transformed into wild-type Arabidopsis plants (ecotype
WS) as described (36). GUS staining was performed by
immersing seedlings, or plant parts, into 50 mM sodium
phosphate buffer (pH 7.0) containing 0.5 mM 5-bromo-4-
chloro-3-indolyl-b-D-glucuronic acid (X-Gluc, Research Or-
ganics) overnight at 37°C. Transgenic plants carrying an
identical construct, with the GUS-Nos fragment in the oppo-
site orientation, were used as negative controls.

RESULTS AND DISCUSSION
Phenotypic Characterization of arg1–1 and arg1–2 Seed-

lings. arg1–1 and arg1–2 were identified while screening col-
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lections of T-DNA insertional mutants for seedlings with root
andyor hypocotyl gravitropism defects (17, 19, 45). Analysis of
vertically grown 4-day-old arg1–1 and arg1–2 seedlings re-
vealed that their root tips and hypocotyls were oriented like
those of wild-type with respect to the gravity vector, albeit with
wider distributions of growth vector angles from the vertical
(Fig. 1 A and B). After 90° rotation and further growth, arg1–1
and arg1–2 organs were found to reorient much slower to the
gravity vector than wild-type organs (Fig. 1 A and B). The
distribution of organ tip angles from the vertical remained
larger in arg1 mutant seedlings even after they were allowed to
grow for a long enough period of time to allow for complete
gravitropic reorientation (7 days; data not shown). Further-
more, the poor responsiveness of arg1 hypocotyls was not
caused by a global problem with organ bending (46) because
arg1–1 and arg1–2 hypocotyls could reorient toward a light
source with wild-type bending kinetics (Fig. 1C).

Because many agravitropic mutants exhibit altered sensitiv-
ities to exogenously applied auxin andyor ethylene (plant
hormones involved in the cellular growth processes accompa-
nying organ bending), we grew arg1–1, arg1–2, and wild-type
seedlings on media containing various concentrations of 2,4-
dichlorophenoxyacetic acid (2,4-D, a synthetic auxin) or in-

doleacetic acid (IAA, a naturally occurring auxin) or placed
them in chambers containing various concentrations of ethyl-
ene. arg1–1 seedlings responded like wild-type to different
concentrations of 2,4-D in the medium, unlike the auxin-
resistant rgr1 control seedlings, which demonstrated a higher
rate of root growth than wild-type in the presence of 0.05, 0.1,
or 0.5 mM 2,4-D (Fig. 1D). arg1–1 and arg1–2 also responded
like wild-type to the plant hormones IAA (1 3 1026 and 1 3
1027 M), abscisic acid (1 3 1025 and 1 3 1026 M), gibberellins
(GA4 and GA7; 1 3 1025 and 1 3 1026 M), or benzylamino-
purine (1 3 1025, 5 3 1026, and 1 3 1026 M) added to the
medium, to ethylene added in the growth chamber (0.1, 1, 10,
or 100 ppm), or to the auxin-transport inhibitors naphth-
ylphthalamic acid (5 3 1025, 1 3 1025, and 1026 M) or
2,3,5-triiodobenzoic acid (TIBA; 5 3 1025, 1 3 1025, and 1 3
1026 M) added to the medium (data not shown).

To verify whether arg1 mutations affect starch accumulation
in the root-cap columella or hypocotyl endodermal cells
(statocytes), we stained 7-day-old wild-type and mutant seed-
lings with IKI, and examined them under a light microscope.
Results shown in Fig. 1F indicated that both wild-type and
mutant seedlings contained starch in their root-cap columella
cells. Similar results were obtained when hypocotyl endoder-
mal cells were analyzed (data not shown), strongly suggesting
that ARG1 is not essential for starch accumulation in these
cells.

Because arg1 mutations did not affect the hypocotyl pho-
totropic bending abilities, the root growth response to phyto-
hormones and auxin-transport inhibitors, or the accumulation
of starch in the statocytes of Arabidopsis seedlings, we hypoth-
esize that ARG1 is involved in the signal-transduction phase of
gravitropism within the roots and hypocotyls of A. thaliana
(46).

Molecular Cloning of ARG1. Even though both arg1–1 and
arg1–2 were isolated from separate collections of T-DNA
insertional mutants (Materials and Methods), we found that
neither mutation was T-DNA-tagged (data not shown). There-
fore, we identified the ARG1 gene by using a positional cloning
approach. arg1–2 plants (ecotype WS) were crossed to wild-
type plants of either the Col or the Ler ecotype (mapping
crosses), and the corresponding F1 plants were self-fertilized.
The resultant F2 plants were also self-fertilized, and the F3
progeny from individual F2 plants were scored for gravitropism
(19). By using bulk segregant analysis (28), we found that
ARG1 was linked to the CAPS 1–3 and CAPS 1–4 PCR
markers on the lower arm of chromosome 1 (27). RFLP
analysis placed ARG1 3.6 centimorgans (cM) distal to ETR1
and 1 cM proximal to AP1 on a contig of genomic DNA clones
in a yeast artificial chromosome (YAC) vector (29, 47) (Fig.
2A). By using YAC end-fragments as probes, we identified
genomic DNA clones in a BAC vector, which we then assem-
bled into a contig spanning ARG1 (Fig. 2B; refs. 33 and 34).
We designed PCR-based polymorphic markers f lanking
ARG1, and used them to screen for recombinations between
polymorphic chromosomes in the vicinity of ARG1, analyzing
2015 F2 mapping-cross plants (Materials and Methods). Fur-
ther RFLP analysis, using subcloned BAC fragments as probes,
placed ARG1 within a 37-kb segment of genomic DNA on
BAC 4N22 (Fig. 2B). Seven overlapping fragments within this
interval, named A–G (Fig. 2C), were cloned into the pBin19
Agrobacterium binary vector and transformed into arg1–2
plants (Fig. 2C; ref. 36). One of these clones, which contained
a 9.6-kb genomic DNA insert (fragment A), complemented the
agravitropic phenotype of arg1–2 plants: All T1 transformants
exhibited a wild-type root-wave phenotype. That phenotype
was transmitted as a single dominant trait in the T2 progeny
(21 , n , 48) derived from self-crossing six of these T1
transformants (Fig. 2D; x2 probability values of 0–0.4). On the
other hand, all of the T2 seedlings (50 for each primary
transformant) derived from selfing the primary transformants

FIG. 1. Phenotypic characterization of arg1 seedlings (28). (A)
Average hypocotyl tip angles from the horizontal of dark-grown
4-day-old wild-type (WS) and arg1–1 and arg1–2 mutant seedlings, 0
and 72 hours after rotating the plates by 90°. The two series of
measurements were done on separate plates and involved 96 and 112
plants, respectively. SDs are shown by thin lines on the top of each bar.
A legend to A–D is provided in F. (B) The kinetics of root bending on
gravistimulation. Seedlings (4 days old) were reoriented 90° at time
zero. Root-tip angles from the horizontal were measured over time,
and average angles along with SD (vertical bars) were calculated (n 5
57–78). (C) The kinetics of hypocotyl bending on exposure to a
horizontal light source. Seedlings (4 days old) were exposed to a
horizontal light source at time zero. Hypocotyl tip angles from the
vertical were measured over time, and average angles along with SDs
(vertical bars) were calculated (n 5 23 and 30). (D) The effect of 2,4-D
on average root growth of wild-type WS and of mutant arg1–1 and rgr1
(auxin-resistant control; ref. 17) seedlings. Seedlings (4 days old) were
placed on media containing the indicated concentrations of 2,4-D (x
axis) at time zero. Average root growth rates (mm per 12 hours) along
with SDs (vertical bars) were calculated and plotted (n 5 12–19). (E)
arg1–1 and arg1–2 seedlings accumulate starch in their statocytes like
wild type. Wild-type WS (Center) and arg1–1 (Left) and arg1–2 (Right)
mutant seedlings (7 days old) were stained with IKI and analyzed
under a light microscope equipped with Nomarski optics (320).
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carrying one of the fragments B–G exhibited an altered
root-wave phenotype (Fig. 2D; data not shown).

We sequenced fragment A and used the sequence to per-
form database searches, identifying perfect matches with three
Arabidopsis expressed sequence tag clones (48) (http:yy
genome www.stanford.eduyArabidopsisy). All three
mapped within a 1.1-kb DNA sequence in the middle of
fragment A. We also used fragment A as a probe to screen a

cDNA library (37) and identified six cDNA clones. All six were
encoded by the same gene as the aforementioned expressed
sequence tags. Sequence analysis of these clones and the
corresponding genomic DNA identified a 1,233-bp ORF en-
coded by a gene 2.9 kb in size that contained 11 exons and 10
introns. We PCR-amplified this gene from the arg1 mutants
and found the arg1–1 allele to contain a single C residue
inserted near the end of the seventh exon, whereas the arg1–2
allele contained a single C residue deletion 53 bp downstream
from the translational start site (Fig. 3A). Because both of
these frameshift mutations are predicted to result in premature
translational termination and no other candidate genes were
identified on fragment A, we concluded that this gene was
indeed ARG1.

ARG1 Encodes a DnaJ-Like Protein. The ARG1 gene is
predicted to encode a 410-aa polypeptide with a molecular
mass of 45.5 kDa (Fig. 3A). Database searches revealed that
the NH2 terminus shares strong sequence similarity with the
highly conserved J domain of DnaJ-like molecular chaperone
proteins found in prokaryotes and eukaryotes (Fig. 3 A and B;
refs. 49–53). DnaJ-like proteins are involved in a variety of
processes including protein folding, protein partitioning into
organelles, signal transduction, and targeted protein degrada-
tion (54). The J domain has been shown to interact directly
with Hsp70, thereby regulating its ATPase activity, which
affects protein binding and folding. The Saccharomyces cer-
evisiae DnaJ-like protein YDJ1, together with Hsp70 and
Hsp90, participates in a number of signal-transduction path-
ways involving steroid hormones as well as tyrosine kinases and
serine-threonine kinases (55). Interestingly, these heteroligo-
meric complexes bind actin filaments in a Ca21ycalmodulin-
regulated manner (56).

Computer modeling programs predicted that a stretch of
15–18 hydrophobic amino acids located adjacent to the J
domain could form a transmembrane helix (Fig. 3A) and that
a 70-aa region near the COOH terminus of ARG1 forms a
coiled-coil structure (P . 95%; Fig. 3A). Coiled-coil domains
are found in a wide variety of proteins, where they bring about
specific protein oligomerization (57). Database searches re-
vealed that this coiled-coil region shares significant sequence
similarity to portions of coiled coils found in a number of
cytoskeleton-interacting proteins including Rho-associated
protein kinase, tropomyosin, myosin and kinesin heavy chain
proteins, and inner centromere protein (INCENP) (Fig. 3C;
refs. 58–63). These proteins are involved in various processes
including signal transduction, actin-filament reorganization
and stabilization, protein trafficking, and cytokinesis. Inter-
estingly, the deletion of the coiled-coil domain in INCENP, a
protein involved in the assembly of cytoskeletal structures
during mitosis, abolished its ability to associate with microtu-
bules while not affecting its ability to associate with the spindle
(63).

ARG1 also was found to share 50% and 32% sequence
identities with hypothetical proteins from A. thaliana and C.
elegans, respectively, identified by the two global genome
sequencing initiatives (Fig. 4). These proteins are collinear,
contain the same above-mentioned domains, and also share
homologies with ARG1 across regions located outside of these
domains (Fig. 4). A functional overlap between ARG1 and this
Arabidopsis paralog (we named it ARL1, for ARG1-Like gene)
could explain why arg1 mutants are not completely agrav-
itropic.

ARG1 Is Expressed Ubiquitously in Plants. To determine
the spatial expression pattern of ARG1, total RNA was ex-
tracted from several plant organs and subjected to a Northern
blot analysis, using the ARG1 cDNA as a probe. Results shown
in Fig. 5A (Upper) demonstrated that ARG1 mRNA is present
in roots and hypocotyls plus cotyledons of 8-day-old light-
grown seedlings, in hypocotyls and cotyledons of etiolated
5-day-old seedlings, and in roots, rosette leaves, cauline leaves,

FIG. 2. Genetic and physical map of the genomic region spanning
ARG1. (A) Genetic map of a region of chromosome 1 between the
genes ETR1 and APETELA 1 (AP1). Genetic and molecular markers
are listed above the solid line, whereas their distances (in cM) from
ARG1 are listed below. The YAC contig described in ref. 47 stretches
from the RFLP marker g4552 to AP1. ARG1 was mapped between the
YAC-end markers RE abi13A11 and LE EW19A2 by RFLP analysis.
(B) Depiction of the BAC contig (drawn to a cM scale) assembled to
cover the chromosomal region between YAC-end markers RE
abi13A11 and LE EW19A2. Vertical bars represent BAC- and YAC-
end probes that hybridized to DNA isolated from the BAC clones
(open rectangles). ARG1 was mapped on BACs 4N22 and 2E12 by
RFLP analysis. (C) The relative positions of BAC 4N22 subclones
(open rectangles labeled A–G). The ARG1 gene is represented by an
arrow indicating the direction of its transcription. (D) Fragment A
rescues the wavy-root growth phenotype of arg1–2. Wild-type WS
seedlings (Lower Right), arg1–2 seedlings (Upper Right), T2 progeny of
a fragment A-transformed arg1–2 plant (Lower Left), and T2 progeny
of a fragment E-transformed arg1–2 plant (Upper Left) were subjected
to the wavy-root growth assay described in Materials and Methods. The
asterisk indicates a segregating T2 progeny that develops a mutant
root-waving phenotype; others develop a wild-type root-wave pheno-
type that cosegregates with the transgene (not shown).
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stems, f lowers, and siliques of soil-grown adult plants. When
the amounts of UBQ4 transcripts detected on the same blots
were used to normalize for sample-loading differences (Fig.
5A, Lower), these tissues were found to contain similar
amounts of ARG1 mRNA (Fig. 5A).

Arabidopsis seedlings carrying a GUS reporter gene fused
in-frame within the fourth exon of ARG1 were also analyzed,
revealing GUS staining throughout the entire seedling includ-
ing the root, hypocotyl, cotyledons, and leaves (Fig. 5B). GUS
staining also was observed in pollen from these transgenic
plants, as well as along their inflorescences (data not shown).
Because gravitropism occurs in discreet regions of the root tip
and along the hypocotyl and inflorescence stem, this extensive
expression pattern suggests that ARG1 is involved in one or
more additional processes.

CONCLUSIONS

Because arg1 mutants are affected specifically in gravitropism
and lack any other obvious abnormalities, including those

associated with processes that affect differential cellular
growth, it is likely that ARG1 is involved in gravitropic signal
transduction. Interestingly, the ARG1 protein contains a
highly conserved J domain found in several other proteins that
also act in signal-transduction pathways (54, 55). Furthermore,
sequence similarities between the putative coiled-coil region of
ARG1 and coiled coils found in cytoskeleton-interacting
proteins suggest that ARG1 interacts with the cytoskeleton.

Indirect evidence suggests that the cytoskeleton is involved
in gravity sensing. Sedimenting amyloplasts appear to be
enmeshed in a dense network of short and dynamic microfila-
ments that may transmit the signal derived from statolith
sedimentation to plasma-membrane or endoplasmic-reticulum

FIG. 4. Representation of amino acid sequence alignments be-
tween ARG1 and its putative orthologs in A. thaliana [ARL1, Gen-
Bank accession no. AC002396 (F3I6.4)] and C. elegans [R74.4, Gen-
Bank accession no. Z36238 (R74.4)]. The ARG1 sequence is repre-
sented by an open box at the middle of the figure, whereas the A.
thaliana and C. elegans orthologs are represented by open boxes at the
top and bottom of the figure, respectively. The conserved J, potential
transmembrane and coiled coil domains are represented by shaded
boxes in all cases. The percentage of amino acids found identical within
each domain between each ortholog and ARG1 is indicated by a
number inserted in that domain of the ortholog. Sequence alignment
gaps including more than five residues are represented by grey lines
joining the two orthologs. The number of amino acids involved in each
gap is represented by a number inserted between the corresponding
grey lines.

FIG. 5. The ARG1 gene is expressed ubiquitously in A. thaliana
plants. (A) Northern blot analysis of total RNAs extracted from roots
(lane 1) or hypocotyls and cotyledons (lane 2) of 8-day-old light-grown
seedlings, from hypocotyls and cotyledons of etiolated 5-day-old
seedlings (lane 3), or from roots (lane 4), rosette leaves (lane 5),
cauline leaves (lane 6), inflorescence stems (lane 7), f lowers (lane 8),
or siliques (lane 9) of 24-day-old soil-grown plants. The Northern
membrane was first hybridized with a 32P-labeled full-length ARG1
cDNA probe (Upper). After exposure, the blot was stripped and
rehybridized with a UBQ4 probe (65) to control for loading differences
(Lower). (B) Cytochemical detection of GUS activity in a 3-day-old
transgenic A. thaliana seedling carrying the GUS gene fused in-frame
within the fourth exon of ARG1.

FIG. 3. Structure of the ARG1 protein. (A) A scale-drawn representation of the putative domains (shaded rectangles) within the ARG1 protein
(open rectangle). The locations of the arg1–1 and arg1–2 mutations are depicted by arrows. TM, transmembrane domain. (B–C) Amino acid
sequence alignments of the ARG1 J domain (B) and coiled-coil region (C) with the corresponding domains from other proteins (49–53, 58–63).
The name of the protein and the contributing organism is to the right of the sequences, whereas the beginning positions of the sequences within
the protein are listed to the left. Amino acid residues within the black boxes are identical to the corresponding ARG1 residue, whereas shaded
residues are conserved, as determined by the BLOSOM 62 substitution matrix (64). Alignments were made by using the DNAstar program DNA*.
H. Ch., Heavy Chain.
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receptors (9). Therefore, it is possible that ARG1 facilitates
the transmission of gravity signals to these receptors (9). The
putative transmembrane domain carried by ARG1 could allow
for its interaction with the membrane at cytoskeleton attach-
ment points. Alternatively, ARG1 could promote the trans-
duction of gravity signals by participating in the formation of
a signal-transducing complex in proximity of the cytoskeleton
(12, 55, 56).

ARG1 is expressed in all tissues of the plant. Furthermore,
an ARG1 ortholog is found in C. elegans. These surprising
results suggest that ARG1 may play functions other than simply
regulating gravitropism. The lack of pleiotropic phenotypes
may reflect the fact that we may not have analyzed the right
environmental response andyor developmental processes yet.
Alternatively, other ARG1 functions may be masked by func-
tional redundancy from ARG1 paralogs in Arabidopsis, such as
ARL1.
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